Abstract: An assessment of undiscovered conventionally recoverable petroleum resources in Tertiary sedimentary basins of Malaysia and Brunei was undertaken utilizing geological and petroleum engineering data, together with statistical techniques. Results of the assessment suggest a statistical mean value of8 billion (I (0) barrels of conventionally recoverable crude oil and 80 trillion (10 12 ) cubic feet of natural gas remain to be discovered in Malaysia and Brunei.
INTRODUCTION
This paper was prepared as part of the World Energy Resources Program of the U.S. Geological Survey (USGS). The objective of the study is to assess the undiscovered conventionally recoverable resources remaining within petroleumproducing provinces. The study utilizes geological and petroleum engineering data, in conjunction with statistical techniques, to estimate undiscovered resources by a process involving a team of geologists and statisticians. The geologic investigation leading to the assessment was conducted by the author. The estimate represent the views of the U.S. Geological Survey estimation team and should not be regarded as an official position of the U.S. Department of the Interior.
TERTIARY SEDIMENTARY BASINS OF SOUTHEAST ASIA
The location of Malaysia and Brunei is shown in figure 1 , together with the distribution of major Tertiary sedimentary basins in Southeast Asia (ASCOPE 1981; Murphy (1975) ; Paul & Lian, 1975) . Sedimentary basins and provinces immediately Table I . (Compiled after ASEAN Council on Petroleum ASCOPE, 1981) adjacent to the assessment area are identified in table 1, and the area and volume of non-melange, unmetamorphosed Tertiary sediments in selected basins within the assessment area are given. Figures 2 and 3 show the western Malaysia and the eastern Malaysia-Brunei assessment areas, respectively, together with the location of known oil fields, gas fields, and discovery wells as of 1982. The fields and discovery wells are identified in tables 2, 3, and 4, as are the location, discovery date, field type or discovery, and status. Table 5 lists estimates by the United States Geological Survey (USGS) of oil and gas resources for the West Malaysia province and the East Malaysia-Brunei province, both separately and for the two areas as a whole. Figures 4 to 9 are computer-generated graphs showing the probability of occurrence relative to specific amounts of oil and gas resources. Data supplementary to these estimates are given in table 6.
With the exception of Sumatra, Tertiary sedimentary basins in Southeast Asia ofa size and volume suitable for hydrocarbon generation and accumulation are located mostly in offshore areas (Adams, 1980; Armitage, 1980; Beddoes, 1980) . This is especially true for Malaysia and Brunei. As a consequence, the assessment of undiscovered petroleum resources is confined primarily to areas of Tertiary sedimentation underlying marine territorial waters claimed by Malaysia and Brunei, and restricted to areas with water depths of less than 1,000 metres. This paper is not authoritative with respect to the delineation of international maritime boundaries, and those shown are only approximate for the convenience of the assessment. They are not to be regarded as the official position of the Department of the Interior or the U.S. Government. I Cumulative production and reserves are composited estimates from various sources. 2Quantity positive but data unavailable. 3Total estimate, this paper. BB is I x 1()9 Tcf is I x 10 12
The offshore regions of Malaysia, and Brunei encompass most of the Malay, Penyu, Sarawak, and Sabah Basins, together with smaller areas of the Sandakan and Tarakan Basins; the latter two are located off the east coast and in the southern part of the Malaysian State of Sa bah, respectively. The Malay and Penyu Basins are located in the West Malaysia assessment area, which also includes the Malaysian part of the Strait of Malacca, located off the west coast of the Malaya Peninsula (fig. 2) . The Sarawak and Sabah Basins are located off the northwest coast of East Malaysia and Brunei (Schaub & Jackson, 1958) . On the basis of structural geology and stratigraphy (Emery & Ben-Avraham, 1972; Ben Avraham & Emery, 1973; Doust, 1977; Bol & van Hoorn, 1980) , the Sarawak Basin may be conveniently divided into four major provinces. These are the West Luconia, Balingian, Central Luconia, and Baram Delta Provinces ( fig. 1 ).
COMMENTS
West Malaysia • In West Malaysia, commercial discoveries of crude oil and natural gas have been made only in the Malay Basin. The geothermal gradients are moderate to high (Young, 1976; Kenyon & Beddoes, 1977) , ranging from 3.5°Fj100 ' (6.3°Cj100m) in the northern part of the basin, which is located in Thai waters, to rFj100' (3.6°Cj100m) at the southern end of the basin, located in Malaysian waters. The northern part of the basin tends to be gas prone while the southern part is both oil and gas prone. Several gas discoveries have been made in the central part of the basin.
• The Malay Basin may contain up to 30,000 feet (9,150m) of Tertiary nonmarine to marginal-marine clastic sediments deposited in a continental rifted-basin environment (Hamilton, 1979; Taylor & Hayes, 1979) . The oldest Tertiary sediments are primarily nonmarine, the section becoming progressively more marine upward into younger sediments and to the southeast toward the South China Sea.
• No significant discoveries or shows of petroleum have been found in the Malaysian part of the Strait of Malacca or the Penyu Basin (Ngah, 1975) . Maximum geothermal gradients appear to approximate 2°FjlOO ' (3.6°Cjl00m) . Very few exploratory wells have been drilled in either area. Available data suggest that the stratigraphic sections in both areas may be extremely sandy and that adequate sealing mechanisms may not be present. The existence of adequate source rock may also be a problem in the Penyu Basin and maturation a problem in the Strait of Malacca. The Tertiary section in the Malaysian part of the Strait of Malacca is quite thin, averaging generally less than 1 kilometre in thickness.
East Malaysia and Brunei
• In East Malaysia and Brunei, commercial discoveries of crude oil and natural gas have been made in the Balingian, Central Luconia, and Baram Delta Provinces of the Sarawak Basin, and in the Sabah Basin. The Balingian Province, Baram Delta Province, and the Sabah Basin are primarily oil prone, but also contain significant quantities of non-associated natural gas. Geothermal gradients are variable, ranging from a relatively high 2.3°Fjl00 ' (4.rCjl00m) in the Balingian Province to a relatively low 1.4°F/IOO' (2.5. o CjI00m) and l.75° F/I 00' (3.rCjlOOm) in the Baram Delta Province and Sa bah Basin, respectively. The Central Luconia Province is essentially gas prone; only occasional accumulations of oil are observed, usually occurring as oil rims associated with the base of the gas columns. The geothermal gradient in the Central Luconia Province is similar to that in the Balingian Province, averaging 2.4°F/100' (4.3°CjlOOm). The natural gas is contained in carbonate platform build-ups and large pinnacle reef structures (Epting, 1980) .
• Other than a few shows, no commerical discoveries of either crude oil or natural gas have been found in the West Luconia Province or in the (Schaar, 1976; Rijks, 1981) is, however, considered to have been thoroughly explored, and the remaining potential for crude oil will be limited to small traps. It is extremely unlikely that the Sabah Basin, Balingian and West Luconia Provinces, and the Sandakan and North Tarakan Basins will prove to be almost as rich again as the Baram Delta Province was originally. Those assessing to the contrary were allowing for significant new discoveries in deeper horizons as well.
• The West Luconia Province has been only lightly explored. Few wells have been drilled, but occasional shows of oil and gas have been reported. Because of the high geothermal gradient and relatively gentle folding, the area does not appear to be overly prospective and is probably gas prone. The province is considered to be a major Neogene depocenter, with sediment thicknesses in excess of 25,000 feet (7600m). It has been reported that exploratory wells drilled on the Terumbu Platform immediately west of and adjacent to the West Luconia Province have discovered significant amounts of natural gas. Amounts in excess of 100 Tcf natural gas have been reported but containing 75 to 80 percent carbon dioxide. The gas is reported to be contained in carbonate platform build-ups and pinnacle reef structures. If similar reef structures extend into the West Luconia Province or large anticlinal features can be detected, then the natural gas potential of the area may be exceedingly large, even after being discounted for inerts.
